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APPENDIX D 

VEHICLE TEST PROCEDURES 

D.l Introduction 

The following sections of Appendix D provide spec i f i c ,  

quanti tat ive descriptions of the t e s t  procedures called fo r  in 

Table D-1. This table indicates the t e s t s  which were conducted, 

indicating the speci f ic  vehicles and t e s t  conditions . The shaded 

area indicates those t e s t s  which were planned, b u t  which were n o t  
completed due t o  the rollover incident discussed in Appendiy F .  

The speci f ic  s t e e r  angles indicated were obtained by simp1 i f i ed  

analyses using vehicle a n d  t i r e  parameters available prior  t o  

tes t ing.  As a r esu l t  of t e s t  experience, cer ta in  of these values 

were a l tered.  In general,  s t e e r  angles were chosen t o  make an 

orderly approach t o  maximum la te ra l  accelerations of .5 g on the 

dry asphalt surface and  . 3  g on the wet asphalt surface.  

D.2 Straight-Line Braking, 

D.2.1 Effectiveness Testing Procedures. With cdld brakes '. 
( i . e . ,  l e s s  than 200°F) and the vehicle traveling in a s t ra igh t  

l ine  a t  the i n i t i a l  velocity of 40 mph, the clutch was depressed 

and the brake pedal displaced in a quasi-step manner t o  a pre- 

determined level .  This level of pedal displacement and a steering 

wheel angle of zero was maintained unt i l  the vehicle stopped. 

Brake system input fo r  hydraulically-braked vehicles was 

recorded in terms of brake pedal force. For air-braked vehicles,  

brake system input was recorded as brake l ine  pressure a t  the 

output of the t readle  valve. 





Wi th i n  the  l i m i t s  o f  v e h i c l e  s t a b i l i t y  and s a f e  t e s t  

p r a c t i c e ,  t e s t s  were conducted a t  a  minimum o f  f i v e  l e v e l s  o f  

brake system i n p u t  corresponding t o  20, 40, 60, 80, and 100% o f  

t h e  i n p u t  r equ i r ed  f o r  t he  occurrence o f  f i r s t  wheel lockup. One 

repea t  t e s t  o f  each i n p u t  l e v e l  was conducted. 

0.2.2 Front-Only and Rear-Only Brak ing Tests .  For f r o n t -  

o n l y  t e s t s ,  brakes on t he  v e h i c l e ' s  r e a r  a x l e  were d isab led .  For 

r ea r -on l y  t e s t s ,  brakes on t he  v e h i c l e ' s  f r o n t  a x l e  were d isab led .  

, Tests were conducted i d e n t i c a l l y  t o  those descr ibed i n  

Sec t ion  D.2.1, save t h e  f o l l o w i n g  except ions:  

1 )  I n i t i a l  v e l o c i t y  was 28 mph. 

2)  There were o n l y  f o u r  runs,  two w i t h  f r o n t  brakes 

o n l y  and two w i t h  r e a r  brakes on l y .  I n  a l l  runs,  

brake system i n p u t  was 50% o f  t h e  l e v e l  r equ i r ed  

f o r  f i r s t  wheel lockup (as determined by the  

e f f ec t i veness  t e s t  o f  t h e  v e h i c l e  i n  i t s  

corresponding 1  oad c o n f i g u r a t i o n ) .  

D.3 T r a ~ e z o i d a l  S teer  

With t h e  v e h i c l e  t r a v e l i n g  i n  a  s t r a i g h t  l i n e  a t  t h e  

designated i n i t i a l  v e l o c i t y ,  a  t r apezo ida l  ( o r  quas i -s tep)  s t e e r  

angle, o f  t h e  form i n d i c a t e d  i n  F igure  0-1, was i n p u t ' t o  the  

v e h i c l e  v i a  t he  Automatic Veh ic le  C o n t r o l l e r .  

Each t r apezo ida l  s t e e r  t e s t  c a l l e d  f o r  i n  Table 0-1 i m p l i e d  

a  f u l l  s e r i e s  o f  t r apezo ida l  s t e e r  t e s t s  conducted a t  bo th  30 and 

50 mph. Tes t  procedure number 4, Trapezoida l  S teer  (conducted w i t h  

i nc reas ing  s e v e r i t y ) ,  a l s o  inc luded  quas i -s tep  s t e e r  t e s t s  a t  bo th  

30 and 50 mph. 



Steer  
Angle 

Time 

F i g u r e  D-1 

Tab le  D-2  l i s t s  t h e  s p e c i f i c  parameters d e s c r i b i n g  t h e  i n p u t  

s t e e r  angle wave forms used i n  each v e h i c l e / t e s t  s u r f a c e  c o n f i g u r a -  

t i o n  c a l l e d  f o r  i n  Tab le  D-1. Tests  conducted a t  t h e  lower  s t e e r  

ang le  l e v e l s  were a l l  done w i t h  one p o l a r i t y  o f  t u r n .  

D.4  B rak ing  I n  A Turn 

The b r a k i n g - i n - a - t u r n  t e s t  was conducted i n  a  manner s i m i l a r  

t o  t h e  t r a p e z o i d a l  s t e e r  t e s t  w i t h  t h e  a d d i t i o n  o f  cons tan t  l e v e l  

b r a k i n g  i n t r o d u c e d  d u r i n g  t h e  t u r n .  The v e h i c l e  input ,  wave forms 

a r e  i l l u s t r a t e d  i n  F i g u r e  D-2. ,I 

Table  D-3 i n d i c a t e s  t h e  s p e c i f i c  i n p u t  l e v e l s  used i n  t e s t i n g .  

Tests were conducted beg inn ing  w i t h  low l e v e l s  o f  b r a k i n g  and 

p rog ress ing  t o  h i g h e r  l e v e l s .  Upon t h e  occurrence o f  f i r s t  wheel 

l o c k ,  the  t e s t  s e r i e s  was te rm ina ted ,  i .e. ,  no h i g h e r  l e v e l  o f  

b r a k i n g  was empl oyed. 

As was t h e  case i n  t r a p e z o i d a l  s t e e r ,  success ive runs were 

conducted i n  one p o l a r i t y  w i t h  t h e  h i g h e s t  l e v e l  t e s t  conducted i n  

bo th  d i r e c t i o n s  and w i t h  one repea t  r u n  i n  b o t h  d i r e c t i o n s .  
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6w 
S t e e r  
Angle 

Time 

F igu re  D-2 

6b  - 
Brake 
Leve 1 

i - Time 



T a b l e  D-3 

*Brake i n p u t  l e v e l s  a r e  e x p r e s s e d  as a p e r c e n t a g e  o f  t h e  l e v e l  r e q u i r e d  
t o  p roduce  wheel  l o c k  d u r i n g  e f f e c t i v e n e s s  t e s t i n g  on t h e  dry s u r f a c e  
o f  t h e  same v e h i c l e  i n  t h e  same l o a d  c o n d i t i o n .  

4 **Equiva len t  t o  a  . 2  g s t e a d y - s t a t e  t u r n .  

***Equivalent  t o  a  . 35  g s t e a d y - s t a t e  t u r n .  

S u r f  ace  

Wet Aspha l t  

Dry Aspha l t  

****In t h e  e a r l i e s t  t e s t i n g ,  T 2  was s e t  e q u a l  t o  TI ,  b u t  w a s  l a t e r  a l t e r e d  t o  
a l l ow f u l l  development  o f  s t e a d y - s t a t e  t u r n .  

' ?  

S t e e r  Angle ,  
h 

6w 

** 

***  

I n i t i a l  
V e l o c i t y ,  mph 

30 

50 

Brake L e v e l ,  
h 

6b ( % I *  

20 ,30 ,40 ,50  

40 ,50 ,60 ,70  

To 

- >1 s e c  

T4-T1 ' 

5  s e c  

T  
**JI 

2.5  
s e c  

T1-To 

1 s e c  

Ts-T4 

1 s e c  

= 3  

=T5 



D.5 S i  nuso ida l  Steer  

Wi th  t h e  v e h i c l e  t r a v e l i n g  i n  a  s t r a i g h t  l i n e  a t  the  pre-  

sc r i bed  i n i t i a l  v e l o c i t y ,  a  s t e e r  angle  o f  t h e  form shown i n  F i gu re  

D-3 was i n p u t  t o  t h e  veh i c l e .  Table  D-4 l i s t s  t h e  values o f  t h e  

va r ious  i n p u t  parameters used. As t h e  t a b l e  i n d i c a t e s ,  t e s t s  were 

r u n  a t  30 mph on t he  wet su r face  and 30 and 50 rnph on t he  d r y  

surface. As i n  t he  o t h e r  hand l ing  t e s t s  descr ibed,  lower  l e v e l  runs 

were made w i t h  one p o l a r i t y  o f  t u r n .  The h i ghes t  l e v e l  t e s t s  were 

then conducted i n  bo th  d i r e c t i o n s  and w i t h  repeat  runs.  In  the  

case o f  the  s i nuso ida l  s t e e r  t e s t s ,  t h e  h i ghes t  l e v e l  runs f o r  bo th  

values o f  T  were conducted i n  t h i s  manner. 

S t e e r  
Angle 

Time 



Table D - 4  

S u r f a c e  

Wet 
A s p h a l t  

Dry 
A s p h a l t  

Dry 
Aspha l t  

I n i  t i a 1  
V e l o c i t y  

mp h  

P e r i o d  T ,  s e c .  

Heavy Veh ic l e  I Ligh t  V e h i c l e  
I 

Average F ron t  Wheel 
A 

S t e e r  A n g l e ,  tiw, deg.  

T ruck ,  Van 





APPENDIX E 

Data plots are provided covering the steering t e s t  results 
obtained on the three t e s t  vehicles: van, pickup, and heavy 
truck. Tabular data follow, covering a l l  t e s t s  conducted on a l l  
three vehicles in the program. 

E.1 Ford Econoline Van Trapezoidal and Sinusoidal Steer Test 

Data labeled " O E "  refer t o  the installation of code L-2 

t i r e s  a t  a l l  four wheel positions (where t i r e  codes are identified 
on the attached copy of Table 3.1 from the Technical Discussion). 
Data labeled extreme variation, "EV," represent the installation 
of code L-2 t i r e s  on the front axle and code L-11 t i r e s  on the 
rear. 



FLAT-BED TEST TIRES 

T l r e  No. 

Heavy Truck 
T l  res 

Plandfac t u r e r  

Un i roya l  

Uni r o y a l  

Unlmjal 

B.F. Goodrich 

T r i p l e  Tread 

T r l p l e  Tread 

T r l p l e  Tread 

Mi lesaver  Radia l  
Steel  H,D.R. 

B.F. Goodrich M i lesaver  Radia l  
S tee l  H.D.B. 

Goody ea r 

Goodyear 

F i res tone  

Uni r o y a l  

H iche l  i n  

Un i roya l  

Un is tee l  R-1 

Un is tee l  L-1 

Power D r i v e  

Unimas t e r  Rib 

Radia l  

Fleetmas t e r  
c Superlug 

Heavy Bus 
TI res  

H-12 

H-13 

H-14 

H-15 

H-16 

H-17 

H-18 

H-19 

H-20 

F i r e s  tone 

B.F. Goodrich 

B.F. Goodrich 

Uni r o y a l  

Uni roya l  

Goodyear 
Mi chel  i n  

Michel  i n  

Michel  i n  

Hiway Mi leage 

I n t e r c i t y  Mileage 

I n t e r c i t y  Mi leage 

I n t e r c i t y  

MaxRoute I 

Custom Cru ise r  
Radia l  XZA 

Radial  XZA 

Radia l  XZA 

L i g h t  Truck 
T i r e s  

1-1 
1-2 
1- 3 
1-4 

1-5 

1-6 

1- 7 
1-8 

1-9 
1-10 
1-11 
1-12 

1-1 3 
1-14 

F i res tone  

Goodyear 

Goodyear 

F i r e s  tone 

Goodyear 

F i res tone 

Goodyea r 

Goodrich 

Goodycar 

Goodyear 
F i r e s  tone 

Goodyear 
M i c h e l i n  

Wards 

Transpor t  500 
Custom Hil- l i  1 e r  

Rib. H i M i l e r  

Transpor t  110 

Super S i n g l e  H i b l i  l e r  

Town L Country Truck 

Custom F l e x s t e e l  

M i lesavcr  Radia l  

Glas Guard XG 

Glas Guard XG 

Town & Country Truck 

C u s t m  F l e x s t e e l  

Radia l  XCA 

Stee l  Bcl t cd  
Super Wide 
Radia l  XCA 

Jumbo Power J e t  
Jumbo Power J e t  

H i c h e l  i n  
General 

General 

1-18 Goodyca r Glas Guard 8.00 x 1 G . 5 D  

1-19 Goodyear Glas Guard , 8.75 x 16.5E 

1-20 Goodycar Rlb H i M l l c r  8.75 x 1 G . 5 E  



Stee r i ng  Wheel Angle , 6 s ~  (deg) 
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Stee r i ng  Wheel Angle, 6,, , (deg) 
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F igu re  E.2 L i g h t  van: loaded OE, t r apezo ida l  s t e e r  runs a t  30 mph. 
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- S tee r i ng  Wheel Angle, as, (degs) 

S tee r i ng  Wheel Angle, c s w  (degs) 

F i gu re  E.4. L i g h t  van: unloaded OE, t r apezo ida l  s t e e r  runs a t  50 mph. 



. S t e e r i n g  Wheel Angle, 5,, (degs)  

S t e e r i n g  Wheel Angle, lS, (degs)  
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E.2 Test  Resul ts  - Ford F-250 Pickup Truck - Trapezoida l  and 
S inuso ida l  Steer  Test  results 

Tes t  cond i t i ons  a r e  i d e n t i f i e d  by t h e  f o l l o w i n g  codes: 

T i r e  code no. ' s  r e f e r  t o  Table 3.1 
i n  t h e  t e x t  (pg. 24) 

Tes t  Code F ron t  T i r e s  Rear T i r e s  

0 E L1 ( b i a s - r i  b )  L1 ( b i a s - r i b )  

TC 13 L13 ( r a d i a l  -ri b )  L13 ( r a d i a l - r i  b )  

TC 14 L16 ( b i a s - r i b )  L16 ( b i a s - r i b )  

TC 15 L1 ( b i a s - r i  b )  L9 (b ias -1  ug/snow) 
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S tee r i ng  Wheel Angle sSw (deg)  

F i gu re  E.21. Loaded l i g h t  p ickup:  t r apezo ida l  s t e e r  runs a t  30 mph. 
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Figure E.22. Loaded l i gh t  pickup: trapezoidal s t e e r  runs a t  50 mph. 



Steering Wheel Angle, tiSW (deg) 

I I I 
I 

1 
I 

5 5 75 9 5 115 135 155 
Steering Wheel Angle, as, (deg) 

Figure E. 23. Unloaded 1 ight p ickup :  trapezoidal steer runs 
a t  30 mph. 
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F i gu re  E.24. Unloaded 1  i g h t  p ickup:  t r apezo ida l  s t e e r  runs a t  50 mph. 
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F i g u r e  E.25. Unloaded l i g h t  p i c k u p :  s i n u s o i d a l  s t e e r  runs  a t  
30 mph, dry aspha l t ,  T = 2 sec.  
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E.3 White Road Boss Heavy Truck Trapezoidal Steer Results 
I 

Data descr ib ing  the  t rapezoidal  s t e e r  numerics f o r  the  

basel ine t ruck  equipped w i t h  code H I  t i r e s  a t  a l l  s i x  wheel 

pos i t ions  . 
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F igure  E.33. Heavy t r u c k :  unloaded. t r apezo ida l  s t e e r  runs a t  30 mph. 
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E.4 Tabular Presentation of Vehicle Test Data 
I 

Tables indicate the following t e s t  conditions and response 

measures : 

1 Loaded/unl oaded s t a t e  

2) Maneuver type, coded as fol lows 

Code No. Maneuver 

1 Straight-1 ine braking 

2 Braking in a turn 

3 Sinusoidal s teer  

4a Trapezoidal s teer ,  step-fronted input 

4 b Trapezoidal s teer ,  ramp-fron ted input 

3) Test velocity (mph) 

4)  Steering wheel displ acement amp1 i  tude (deg) 

5) Period of sinusoidal steering inputs 

6) Brake input level ( %  of input level needed t o  
lock a1 1 wheels on any one axle) 

7)  Ax , average value of longitudinal acceleration 
a ve 

during a braking t e s t  ( g ' s ) .  

8) A, , peak value of la teral  acceleration ( g ' s ) .  
peak 

(In sinusoidal s teer  experiments, the peak values 

achieved a t  bo th  polarit ies of accelerations.) 

peak value of yaw ra te  (deg/sec). (In 
sinusoidal s teer ,  b o t h  polarity peaks are l i s t ed . )  

10) Tinf the time (seconds) a t  which the la teral  
acceleration time history crosses back through 

z e r ~ e a s u r e d  with respect t o  ini t ia t ion of 

steering-in a sinusoidal s teer  maneuver. 



Data  presented f o r  t h e  l i g h t  van and heavy t r u c k  i n d i c a t e  

the i n s t a l l e d  t i r e s  by model and s ize .  P ickup t r u c k  t e s t s  a r e  

i d e n t i f i e d  by a  code i n d i c a t i n g  t i r e  i n s t a l l a t i o n s  as shown 

below. 

Tes t  Code 

TC- 12 

TC-13 

TC-14 

TC-15 

F ron t  T i r e s  Rear T i r e s  

L1 L1 

L13 L13 

L16 L16 

L1 L9 
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APPENDIX F 
Y 

APL SIMULATION RESULTS 

Th i s  appendix presents  1 i s t i n g s  o f  t h e  condensed m e t r i c s  

[I ] d e s c r i b i n g  t h e  r e s u l t s  o f  s imu la ted  t r apezo ida l  and s i nuso ida l  

s t e e r  maneuvers conducted on t h e  v a r i  ous t e s t  veh i c l es .  

The r e s u l t s  f rom t h r e e  c lasses o f  t e s t s :  Trapezoida l  

s teer ,  S inuso ida l  s t e e r  1  and S inuso ida l  s t e e r  2, a r e  presented. 

Trapezoida l  s t e e r  t e s t s  employed a  s t e e r i n g  wheel angle i n p u t  o f  

t he  f o l l o w i n g  form: 

I 

+ time 
I 1  sec 4 sec 1  sec I (set> 

For  S inuso ida l  s t e e r  1, an s i ne  wave s t e e r i n g  wheel angle i n p u t  

o f  a  2-second pe r i od  i s  used f o r  a l l  veh i c l es .  S inuso ida l  s t e e r  

2 employes a  3-second p e r i o d  f o r  the  two l i g h t e r  veh i c l es  and a  

4-second p e r i o d  f o r  t h e  two heavy veh i c l es .  

The t i t l e  f o r  each page o f  da ta  i n d i c a t e s  the  v e h i c l e  and 

i t s  l oad ing  cond i t i on ,  t he  i n i t i a l  v e l o c i t y  o f  t h e  t e s t  maneuver, 

and a t i r e  code, which i n  combinat ion w i t h  Table F . l  i n d i c a t e s  

t h e  t i r e s  used on t h e  veh i c l e .  

A d i c t i o n a r y  o f  me'tr ic d e f i n i t i o n s  appears i n  Table F.2. 



Table F.1. Tire Codes* 
Z 

Heavy Bus : 

HBO: Tire HI2 on a l l  wheels 

HB1: Tire HI8 on a1 1 wheels 

HB2: Tire HI9 on a1 1 wheels 

Heavy Truck: 

HT1: Tire H I  on a l l  wheels 

HT2: Tire H4 on a1 1 wheels 

HT3: Tire H6 on a1 1 wheels 

L i g h t  Van: 

EO: Tire L2 on a l l  wheels (75 psi)  

El : Tire L10 on a l l  wheels 

E2: Tire L15 on a1 1 wheels 

E3: Tire L2 on a l l  wheels (45 psi front,  75 psi rear) 

E4: Tire L2 on front wheels (45 psi)  and L11 on rear wheels 

Pickup Truck 

FO: Tire L1 on a l l  wheels 

F1: Tire L16 on a l l  wheels 

F2: Tire L13 on a1 1 wheels 

F3: Tire L1 on a l l  wheels (45 psi f ront ,  75 psi rear) 

*Tires identified as per codings presented in Table 3.1. 
Recomnended inflation pressures except as indicated. 



Table F.2. ~ i c t i o n a r ~  of Metrics for Simulated 
Trapezoidal and  Sinusoidal Steer Maneuvers. 

Y 

Trapezoidal Steer 

STR4 : Maximum steering wheel angle (deg) 

BETAMX: Maximum absolute sides1 ip angle during 

the 2-second time period ( t ) ,  beginning 

a t  the time of steering input (rad.)  

BETDMX : Maximum absolute value of the rate of change 

o f  sideslip angle during the time period t 
(radlsec) . 

CUVRAT : Average path curvature rat ios  = ( l /R)av/( l /R)o 

and 

t 4  is  t h e  t ime  o f  t h e  s t e e r i n g  i n p u t  

t4+l i s  t h e  t ime  2 seconds  a f t e r  t h e  s t e e r i n g  i n p u t  

i s ,  t h e  a v e r a g e  p a t h  c u r v a t u r e  o v e r  t h e  (R) a v  
above d e f i n e d  i n t e r v a l  [ t 4 , t 4 + l ]  

(i)Q i s  t h e  p a t h  c u r v a t u r e  a t  to. , ' '  



Table F.2 (Cont.) 

Z 

AYMAX : Maximum l a t e r a l  a c c e l e r a t i o n  over  t h e  e n t i  r e  

maneuver t ime  i n t e r v a l  ( g '  s )  . 
MAX : Maximum yaw r a t e  over  t h e  e n t i r e  maneuver 

t ime  i n t e r v a l  ( r ad l sec )  . 
PHIMAX: Maximum r o l l  ang le  over  t h e  e n t i r e  maneuver 

t ime  i n t e r v a l  (deg) . 

S inuso ida l  S teer  

STR5 : Maximum s t e e r i n g  wheel angle  (deg) . 
AY MAX : Maximum 1  a t e r a l  a c c e l e r a t i o n  over  t h e  e n t i  r e  

maneuver t ime  i n t e r v a l  ( g ' s )  . 
DEL: L a t e r a l  d e v i a t i o n  o f  t h e  v e h i c l e  p o s i t i o n  

f rom t h e  "des i red"  1 2 - f t  l ane  change a t  t h e  

complet ion o f  t h e  maneuver ( f t ) .  

BETAMAX : Maximum abso lu te  va lue o f  s i d e s l i p  ang le  

d u r i n g  t h e  t ime  p e r i o d  t ( r a d ) .  

DELPS I : Veh ic le  heading angle  a t  t h e  complet ion o f  

t h e  maneuver ( r a d )  . 
UIN: I n i t i a l  v e l o c i t y  (mph). 

PH IMAX : Maximum r o l l  ang le  over  t h e  e n t i r e  maneuver 

t ime  i n t e r v a l  (deg) . 



HEAVY BUS SIMULATION RESULTS 
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HEAVY TRUCK SIMULATION RESdLTS 
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LIGHT VAN SIMULATION RESULTS 
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PICKUP TRUCK S I M U L A T I O N  RESULTS 
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APPENDIX G 

A ROLLOVER INCIDENT W H I C H  OCCURRED D U R I N G  TESTING 
OF A H E A V Y  TRUCK 

On May 30, 1975, a heavily loaded straight truck rolled 

over during the conduct of vehicle dynamics experiments a t  the 

fac i l i t ies  of the Texas Transportation Insti tute ( T T I )  . T h e  

incident was unexpected, unplanned for ,  and involved the 

injury of a tes t  driver. This document i s  intended t o  provide 

answers t o  a series of questions regarding the event i t s e l f ,  

as well as regarding the significance of this  experience t o  
NHTSA-sponsored research. 

The questions to be addressed are as follows: 

1) What was the nature of the experiment which 

was being attempted? 

2 )  What actually occurred in the course of that 

experiment? 

3 )  From a mechanistic point of view, why did 

the rollover anomaly occur? 
/ ?  

4 )  What lessons are t o  be learned from this . C 

experience? .* 

In responding t o  these questions, the writer wishes t o  be as 

informative as our current s ta te  of knowledge on the matter 

permits, and t o  establish an understanding of the overall event 

which will promote practices t h a t  prevent recurrence of any 

similar situation in the future. 

1) What was the nature of the experiment which was being, 
attempted? 

The t e s t  vehicle, shown in Figure G-1, was a White Road 

Boss, two-axle truck, outfitted w i t h  a hybrid driver/automatic 

control system. The vehicle was being employed in a series of 



Figure G .  1 .  White Road Boss t e s t  v e h i c l e  
(unladen). 



experiments, designed t o  be s u b l i m i t  i n  nature,  which were 

p r i m a r i l y  in tended as a  means t o  v a l  i d a t e  a  computer ized 

s imu la t i on ,  

The t e s t  procedure was based upon t h e  methods employed 

i n  a p rev ious  NHTSA-sponsored s tudy  e n t i t l e d  "Ana lys is  o f  Truck 

and Bus Hand1 i ng "  [I]. These procedures a p p l i e d  a u t o m a t i c a l l y -  

c o n t r o l l e d  t e s t  techniques t o  commercial v e h i c l e s  by way o f  a  

h y b r i d  scheme o f  d r i v e r  c o n t r o l  and p re -p rogramed servo 

c o n t r o l .  The s e v e r i t y  o f  t u r n i n g  maneuvers was cons t ra ined ,  i n  

concern f o r  heavy v e h i c l e  r o l l o v e r ,  b u t  no s teps were taken t o  

assure t h e  p reven t i on  o f  a  r o l l o v e r  should  a  cons t ra i ned  l e v e l  

exper iment become i n a d v e r t e n t l y  unconstrained. 

These procedures and t e s t  p r a c t i c e s  were app l i ed ,  w i t h -  

o u t  s i g n i f i c a n t  m o d i f i c a t i o n ,  i n  t h e  c u r r e n t  study. Ca lcu l  a- 

t i o n s  were made t o  p r e d i c t  t h e  1  i m i  t s  o f  l a t e r a l  a c c e l e r a t i o n  

beyond which r o l l o v e r  would occur  and v e h i c l e  t e s t  l e v e l s  were 

p resc r i bed  w i t h  an acco rd i ng l y  1  arge nlargi n  o f  sa fe t y .  

The p a r t i c u l a r  exper iment be ing conducted a t  the  t ime o f  

t h e  s u b j e c t  i n c i d e n t  i n v o l v e d  a  s e t  o f  s t e e r i n g - o n l y  maneuvers 

as a  p r e l i m i n a r y  t o  combined s t e e r i n g / b r a k i n g  t e s t s .  The 

purpose of t he  p r e l i m i n a r y  t e s t  was t o  determine t h a t  s t e e r  

angle  va lue  a t  which a  steady t u r n  o f  -35  g  l a t e r a l .  acce le ra -  

t i o n  ( A  ) l e v e l  would be a t t a i n e d ,  a t  a  t e s t  speed' o f  50 mph. 
Y  

The t e s t  i s  conducted by f i r s t  e s t a b l i s h i n g  a  s t r a i g h t - l i n e  

pa th  a t  a  speed s l i g h t l y  above 50 mph, whereupon t h e  d r i v e r  

s h i f t s  t h e  t ransmiss ion  i n t o  n e u t r a l  and presses a  b u t t o n  

i n i t i a t i n g  automat ic  c o n t r o l .  When t h e  t r u c k  has slowed t o  

e x a c t l y  50 mph, t h e  s t e e r i n g  servo motor becomes c l u t ched  

through a  d r i v e  p u l l e y  t o  the  s t e e r i n g  s h a f t  and t he  s t o r e d  

s t e e r i n g  f u n c t i o n  begins.  The s t e e r i n g  waveshape i s  a  t r ape -  

z o i d a l  t ime  h i s t o r y  w i t h  an i n i t i a l  ramp f u n c t i o n  f o l l owed  by 

a  sus ta ined  s t e e r i n g  l e v e l .  The steady s t e e r i n g  l e v e l  i s  i n c r e -  

mented i n  successive t e s t  runs i n  search o f  t h e  va lue  needed t o  

a t t a i n  t h e  .35 g c o n d i t i o n .  



I n  the tes ts  being conducted here, the t e s t  vehicle was 

fully loaded t o  approximately i t s  gross vehicle weight rating 

of 30,000 lbs. As shown in Figure 6.2, the weights consisted 

o f  three cast concrete sections which were mounted directly 

t o  the vehicle's frame r a i l s ,  giving a composite c.g. height 

i n  the vicinity of 48 inches. 

2 )  What actually occurred in the course of the previously 
defined experiments? 

A sequence of left-hand-turning runs was conducted in 

which the steering wheel displacement was incremented from 100" 

amplitude t o  120" and, f inal ly ,  t o  140". A t  the 100" level,  a 
0.3 g A level was obtained. I n  two following runs with 120" 

Y 
applied, a 0.3 g level was again obtained, b u t ,  due t o  the noisy 

character of the signal o u t p u t  from the truck-mounted 

accelerometer, the 1 ack of an acceleration response commensurate 

with the 20" steering increment was merely considered a resolu- 

tion problem. I n  the following run, with 140" now programmed 

as the steering level, the vehicle el ic i ted a diverging yaw 

response which concluded with the rollover of the vehicle. I n  

the course of the roll  transient,  the f i r s t  ground contact of 

the truck body was a t  the right roof edge and exhaust stack 

position followed by a thorough crushing of the roof~structure 

and then another apparently airborne roll  motion. " ~ e x t ,  the 

l e f t  side wheels and driver 's-side sheet metal h i t  the pavement, 

fail ing a l l  frame cross-members and three o u t  of four rear 

suspension spring attachments. The vehicle then s l id  along 

the pavement, remaining overturned onto the l e f t  side of the 

cab, as shown in Figure G.3. 

Although one fuel t a n k  parted from the vehicle and b o t h  

tanks ruptured compl etely , no f i r e  ensued. 

The driver was extracted very quickly from the vehicle 
through the back1 ight, in fear of the prevailing f i r e  hazard. 



F i g u r e  G.2.  Concrete l o a d i n g  we igh ts .  

F i g u r e  6.3. F i n a l  p o s i t i o n  o f  over tu rned  t e s t  v e h i c l e .  



The m in im i za t i on  o f  t h e  d r i v e r ' s  i n j u r i e s  t o  i n c l u d e  o n l y  a  

broken shoulder  b lade and minor  l a c e r a t i o n s  i s  a t t r i b u t e d  i n  

l a r g e  measure t o  h i s  hav ing p u l l e d  h imse l f  down toward the  f l o o r ,  

upon f i r s t  r e a l i z i n g  t h a t  r o l l o v e r  was i rm inen t .  The d r i v e r  was 

r e s t r a i n e d  by a  compet i t ion- type shoulder  and l a p  harness and 

he wore a  helmet which remained lodged i n  t h e  deformed r o o f  

s t r u c t u r e  upon h i s  removal. 

3) From a  mechanis t ic  p o i n t  o f  view, why d i d  t he  r o l l o v e r  
anomaly occur? 

Since H S R I  had ca l cu l a ted ,  s imp ly  on t h e  bas i s  o f  equ i -  

1  i br ium r o l l  moment cons idera t ions ,  t h a t  r o l  l o v e r  would occur 

i n  t h e  v i c i n i t y  o f  0.7 g ' s  A i t  i s  no t  s u r p r i s i n g  t h a t  t he  
Y '  

v e h i c l e  r o l l e d  over  on T T I ' s  d r y  aspha l t  t e s t  su r face  (whose 

d r y  s k i d  number was 80) .  I n  t h e  ac tua l  event,  however, t he  

r o l l o v e r  occurred a t  0.6 g due t o  t he  f a i l u r e  o f  t h e  ou t s i de  

f r o n t  wheel r i m  which pe rm i t t ed  an abrupt,  and l a rge ,  r educ t i on  

i n  e f f e c t i v e  t r a c k  w id th .  Nevertheless,  i t  !s g e n e r a l l y  taken 

f o r  granted t h a t  heavy t r ucks ,  w i t h  any comnonly-elevated load  

con f i gu ra t i on ,  w i l l  r o l l  over on d r y  sur faces i f  subjected t o  

a  s u f f i c i e n t l y  1  arge s ides1 i p  excurs ion.  Thus t he  re1 evant 

ques t ion  here i s  no t  so much "why d i d  the  t r u c k  r o l l p b v e r ? "  bu t  

r a t h e r  "why d i d  the  t r u c k  become exposed t o  a  c o n d i t i o n  i n  which 

r o l l o v e r  was i n e v i t a b l e ? "  The l a t t e r  ques t ion  can be con- 

densed t o  an even more s p e c i f i c  query which r e l a t e s  t o  t he  

evidence of  t h i s  i n c i d e n t ;  namely, "why d i d  t h i s  t r u c k  e l i c i t  

a  yaw divergency i n  response t o  a  s t e e r i n g  i n p u t  which was 

expected t o  y i e l d  a  steady t u r n  o f  0.35 g  A ?" 
Y  

The answer t o  t h i s  ques t ion  has two p a r t s .  F i r s t l y ,  due 

t o  an o v e r s i g h t  i n  t h e  conduct o f  the  t e s t  sequence we should 

n o t  have "expected" a  .35 g  l e v e l  response t o  the  f i n a l  s t e e r i n g  

i n p u t  o f  140" ampl i tude. Rather, i t  would appear t h a t  we 

should have expected a  response i n  t he  range o f  .40 t o  .45 g. 



To exp la i n  t he  manner i n  which the  e f f e c t i v e  i n p u t  magnitudes 

became confused, cons ider  t h e  f o u r  se ts  o f  t ime  h i s t o r i e s  i n  

F igure  6.4 .  Th is  f i g u r e  i s  recons t ruc ted  f rom A record ings  
Y 

and inc ludes  t he  presumed s t e e r i n g  wheel displacements which 

were n o t  be ing recorded d u r i n g  t h e  p r e l i m i n a r y  setup t e s t s .  

Since t he  s t e e r i n g  i n p u t  was generated through t he  automat ic  

c o n t r o l l e r  and s i nce  t he re  i s  no evidence t h a t  t h e  c o n t r o l l e r  

e i t h e r  misbehaved o r  was m i  s -programed,  i t  appears very  1  i k e l y  

t h a t  t h e  s t e e r  i npu t s  were as shown. 

The s i g n i f i c a n t  f ea tu re  o f  t h e  F i gu re  G.4 t ime h i s t o r i e s  

i s  t h e  ex is tence  o f  i n i t i a l  o f f s e t s  i n  t he  measured A and pre-  
Y  

sumably i n  s t e e r i n g  wheel displacement,  6sw.  O f f s e t  i n  t h e  "ze ro  

value" o f  6,, i s  poss i b l e  i n  t he  h y b r i d i z e d  d r i ve r / au toma t i c  

system because the  d r i v e r  h i m s e l f  must es tab l  i s h  zero s t e e r  j u s t  

p r i o r  t o  i n i t i a t i n g  the  automat ic  sequence i n  each t e s t  run.  When 

t he  c o n t r o l  1  e r  switches "on," t h e  s t e e r i n g  servo becomes clamped 

t o  the  t r u c k ' s  s t e e r i n g  s h a f t  a t  whatever angu la r  p o s i t i o n  t h e  

s h a f t  happens t o  occupy a t  t h a t  i n s t a n t .  The c o n t r o l l e r  then 

app l i es  i t s  p rogramed displacements i n  r e fe rence  t o  t h a t  "zero"  

p o s i t i o n .  I n  t he  severe v i b r a t i o n  environment presented i n  a  

t r u c k  such as t h a t  tes ted ,  i t  i s  n o t  u n l i k e l y  t h a t  the  d r i v e r ,  

d i s t r a c t e d  by h i s  many chores, cou ld  have missed theiintended 

zero p o s i t i o n  by t h e  20" o r  so needed t o  e x p l a i n  the.A data 
, f Y 

shown i n  F igure  G . 4 .  

Thus, i n  Run No. 1, i t  would appear t h a t  a  t r u e  100" 

s t e e r i n g  angle was app l i ed  s ince  t h e  "ze ro  va lue"  was v i r t u a l l y  

zero degrees. Upon observ ing t h a t  t h e  A response prov ided 
Y  

on l y  0.3 g, t he  t e s t  opera to r  then se lec ted  t o  conduct Runs No. 

2 and 3 a t  a  120" s e t t i n g  on t h e  automat ic c o n t r o l l e r .  These 

two runs, however, were c o i n c i d e n t a l l y  accompanied by zero s t e e r  

o f f se t  values of s u f f i c i e n t  magnitude, and cons i s t en t  p o l a r i t y  , 
t o  e f f e c t i v e l y  n u l l i f y  the  i n f l u e n c e  o f  t h e  20" increment i n  

6Sw which had been added r e l a t i v e  t o  t h e  100" s e t t i n g  o f  Run No. 

1. Accord ing ly ,  an A l e v e l  o f  approx imate ly  0.3 g  was again  
Y 

observed i n  bo th  Run No, 2 and No. 3. 





i n  s ide  force generation prior  t o  the ia tu ra t ion  or f r i c t i on -  

l imit ing,  of t i r e s  on the other axle. 

I n  contrast ,  i t  appears tha t  a heavy truck spinout can 

i n i t i a t e  when maneuvering sever i ty  exceeds an A of about 
Y 

0.45 t o  0.50 as i l l u s t r a t ed  by the  simulated and experimentally- 

recorded A time h i s to r ies  of Figure G.5. The simulation runs 
Y 

cover a sequence of trapezoidal s teering levels  spanning the 

range of conditions which were tes ted .  Beginning with the "2.5 

DEG TRAP" (roughly equivalent t o  a run a t  107" steering wheel 

angle) the simulated responses indicate convergent behavior up  

t o  the "4.0 D E G  TRAP" condition. With a simulated 4.0" nominal 

input a t  the f ront  wheels, the truck shows a diverging yaw 

behavior (Figure 6 .6)  and slews t o  a 14-degree s ides l ip  angle 

i n  four seconds ( the  point in time a t  which the t e s t  truck 

completely unloaded i t s  inside wheels and i n i t i a t ed  the rapid 

ro l l  divergency ) . 
In Figure 6.5 the simulation resu l t s  a re  compared with 

measured data from the 2.3 Deg (100" steering wheel amplitude) 

and 3.7 Deg (140" steering wheel amplitude) t e s t  runs which 

were discussed previously. Although the simulated vehicle shows 

less  understeer than the t e s t  vehicle (comparing data from the 

roughly equivalent "2.5 D E G  TRAP" and "2.3 DEG as," Conditions), 

the abupt change in  the simulated vehic le ' s  behaviorpbetween 

the 3.5- and  4.0-DEG conditions basically confirms" the divergency 

of the t e s t  run with nominally 3.7 DEG input a t  the f ront  

wheels. I t  would appear from the simulated s ides l ip  and rol l  
angle plots  of Figures 6.7 and G.8 tha t  a heavily diverging 

s ides l ip  response, with the simulated 4.0 DEG input, was 

def in i te ly  leading to  a rol lover.  

The occurrence or non-occurrence of a simulated vehicle 

rol lover i s  of 1 i t t l e  significance to  t h i s  examination, however. 

Rather, the s ignif icant  observations are  re1 ated to  the narrow 

regime of t i r e  s l i p  angles within which the vehicle i s  apparently 

s table .  The simulated response t o  the 3.5 DEG input ,  f o r  
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example, shows t h a t  f r o n t  and r e a r  t i r e s  a re  ope ra t i ng  a t  

s l i p  angles o f  8 t o  9"--and t h a t  beyond t h a t  l e v e l ,  i n  t h e  

4.0 DEG run, t he  v e h i c l e  e x h i b i t s  a  yaw d ivergency.  R e f e r r i n g  

t o  t h e  ca rpe t  p l o t  o f  F igure  G.9 ( d e s c r i b i n g  t h e  t i r e s  which 

were i n s t a l l e d  on t h e  t e s t  t r u c k ) ,  we see t h a t  t he  v e h i c l e ' s  

more h e a v i l y  loaded t i r e s ,  which a re  runn ing  a t  8000 I b s  o r  so, 

a r e  f a r  f rom being s i d e  f o r c e  sa tu ra ted  a t  an 8" s l i p  angle.  

Thus the  sp inou t  anomaly occurs w h i l e  e f f e c t i v e  f r o n t  and r e a r  

l a t e r a l  f o r c e  r a t e s  ( Ib /deg  s l i p  angle)  a re  s t i l l  r a t h e r  s t i f f .  

In examining t h i s ,  i t  can be shown t h a t  t h e  v e h i c l e  becomes 

d e s t a b i l i z e d  by a  c l a s s i c a l  mechanism which i s  exp la i nab le  

through l i n e a r  v e h i c l e  mechanics. Namely, t h e  v e h i c l e  a r r i v e s  

a t  a  l a t e r a l  acce le ra t i on  l e v e l  a t  which the p r e v a i l i n g  v e l o c i t y  

exceeds t h e  c r i t i c a l  speed o f  t he  system l i n e a r i z e d  about t h a t  

ope ra t i ng  p o i n t .  

To demonstrate t h i s  1  i near ized  systems exp lana t ion  we 

eva lua tcd  the  l a t e r a l  f o r c e  r a t e s  f o r  each t i r e  o f  t he  v e h i c l e  

under those cond i t i ons  o f  s l i p  angle  and l oad  which were computed 

by t h e  major s imu la t i on  i n  t he  3 .5  DEG TRAP run .  Together w i t h  

parameters desc r i b i ng  t h e  v e h i c l e ' s  mass, wheel base, and 1  ongi -  

t u d i n a l  l o c a t i o n  o f  c.g., the  c r i t i c a l  speed o f  t he  (now over-  

s t e e r )  t r u c k  can be ob ta ined  through the  r e l a t i o n :  
, ' 

, + 

where 

"c = c r i t i c a l  speed 

L = wheelbase 

C , = t o t a l  co rne r i ng  s t i f f n e s s  a t  r e a r  
'r 

C ( f r o n t )  a x l e  

a f 





m = mass 

a = p o s i t i o n  o f  c.g. a f t  o f  f r o n t  a x l e  

b = p o s i t i o n  o f  c.g. fo rward  o f  r e a r  a x l e  

The s o l u t i o n  o f  t h i s  express ion y i e l d s  a  75 f t / s e c  o r  

51.2 mph c r i t i c a l  speed. Thus, i t  con f i rms  our  obse rva t i on  

t h a t  a t  some s t e e r i n g  l e v e l  between t h e  3.5 DEG and 4.0 DEG 

run, t h e  system exceeds a  s t a b i l i t y  th resho ld ,  w i t h  i t s  50 mph 

t e s t  v e l o c i t y ,  which i n s t a b i l i t y  i s  man i fes ted  by a  smal l  

p o s i t i v e  exponent ia l  t ime  response. Th is  s l o w l y  growing 

divergency, w h i l e  c o n t r a s t i n g  w i t h  t h e  ab rup t  sp i nou t  1  i m i  t s  

o f  some passenger cars ,  i s  unusual because i t  can be s t imu la ted ,  

as seen, i n  near p r o x i m i t y  t o  t he  normal maneuvering range. 

I n  summary, t h e  t r u c k  r o l l e d  over  because i t  en te red  a  

medium l e v e l  t u rn ,  w i t h i n  which i t s  yaw behav io r  was uns tab le .  

The i n s t a b i l i t y  was sus ta ined  l ong  enough f o r  t he  t r u c k  t o  

accumulate a  s i d e s l i p  angle  o f  about 25" ,  produc ing a  t i r e  s i d e  

force- induced ro1  l i n g  moment s u f f i c i e n t l y  1  arge, w i t h  t he  he lp  

o f  t h e  ou t s i de  f r o n t  wheel f a i l u r e ,  t o  i n i t i a t e  t h e  r o l l o v e r .  

). 

4)  What lessons can be lea rned  from t h i s  i n c i d e n t ?  
I .  

, * 

A v a r i e t y  o f  lessons would appear t o  be demonstrated by 

t h e  scenar io  sur rounding t h i s  i n c i d e n t .  From a  t echn i ca l  p o i n t  

o f  view, t h e  heavy commercial v e h i c l e  c l e a r l y  deserves t o  be 

t r e a t e d  w i t h  spec ia l  care i n  v e h i c l e  dynamics exper imenta t ion .  

Indeed, t h i s  c l ass  o f  veh i c l es  presents  c e r t a i n  behav io r  

c h a r a c t e r i s t i c s  which d i f f e r  so markedly f rom passenger c a r  

p r o p e r t i e s  t h a t  we need t o  " r e c a l i b r a t e "  much o f  ou r  t h i n k i n g  

be fo re  p lann ing  t r u c k  measurement s t ud ies .  P a r t i c u l  a r l y  i n  

regard  t o  mechanisms which determine 1  oad d i s t r i b u t i o n  around 

t h e  v e h i c l e ' s  va r i ous  t i r e  p o s i t i o n s ,  the  heavy t r u c k  possesses 

c e r t a i n  f i  r s t - o r d e r  parametr ic  s e n s i t i v i t i e s  which a re  v i r t u a l l y  

i n s i g n i f i c a n t  i n  passenger ca rs .  



More importantl y' t h a n  the mechanisms themsel ves , we must 

recognize our limited knowledge of the ways in which these 

mechanisms are influential  in determining vehicle response. 

I n  the face of a very limited base of experience, i t  would 

appear t h a t  caution i s  the primary virtue. I n  the context of 

research into truck maneuvering dynamics, "caution" means that  

the full-scale experiment should never be used for  exploring 

areas a b o u t  which we have n o t  already gained a considerable 

insight through simulation. In the current vacuum of technology 

concerning heavy truck directional response, the areas of "no 

considerable insight" f a r  out-number those which are ripe for  

examination through testing. 

With regard to ful l -scale  experimentation, as i t  may be 

warranted and desirable in the future,  i t  appears t h a t  e i ther  

the total  removal of the driver or his total  protection, with 

anti-rol lover outriggers, i s  the only prudent course. I n .  
addition, the r e l i ab i l i t y  of e i ther  the fully automatically- 

control led truck or the outrigger-protected truck, should be 

assessed through appropriate t r i a l .  While the automatic control 

of an automatic transmission-equipped truck would be s t raight-  

forward, the formidable hazard posed by a runaway requires 

special considerati on--and there have been a t  least  f i ~ o  passenger 

car runaways in NHTSA-sponsored automatic control testing. Like- 

wise, we must recognize t h a t  an outrigger which f a i l s  i s  worse 

t h a n  no outrigger a t  a l l  since i t  may serve merely t o  pole-vault 

the vehicle from an increased al t i tude.  Thus the assured 

performance of a heavy truck outrigger system must be demonstrated 

in an unoccupied vehicle prior t o  adoption for driver-control 1 ed 

testing. 


